All relevant data are within the paper.

Introduction {#sec001}
============

The oil extracted from green and roasted coffee beans is a naturally rich source of valuable bioactive phytochemicals, most of them showing promising significance in nutrition (because of its antioxidant activity), in the pharmaceutical industry (dry and cracked skin, eczema, psoriasis and other skin-related diseases) and in cosmetics (due to its balanced composition in fatty acids) \[[@pone.0138080.ref001]--[@pone.0138080.ref004]\]. An efficient use of coffee oil in food industry greatly depends not only on its chemical composition but also on the changes induced by processing. However, there is little information about the differences among green and roasted coffee oil as well as how the exposure to high temperature influences the oxidative stability, the antioxidant and the antimicrobial activity of coffee oil, respectively. This was the main reason that drove us towards the systematic study of chemical and functional properties of crude and heat-treated green and roasted coffee oil. The lipid fraction of coffee beans represents 7--17% on dry basis, depending on the coffee species: Arabica coffee has around 5% more than Robusta \[[@pone.0138080.ref005],[@pone.0138080.ref006]\]. The saponifiable fraction of lipids extracted from green coffee mainly consists of triacylglycerols (about 75%), phospholipids and kaurane esterified diterpenes \[[@pone.0138080.ref004],[@pone.0138080.ref007]\]. The main fatty acids of green coffee oil are palmitic and linoleic acids \[[@pone.0138080.ref003],[@pone.0138080.ref004]\]. The large percentage of unsaponifiable fraction contains sterols, tocopherols, free diterpenes, waxes and various other minor components whose biological properties including antioxidant, antimicrobial and antiproliferative activity have been previously reported \[[@pone.0138080.ref005],[@pone.0138080.ref008]\]. Among the different diterpenes found in unsaponifiable fraction, cafestol and kahweol are of interest due to their anti-inflammatory properties and potential anticarcinogenic effects \[[@pone.0138080.ref002],[@pone.0138080.ref009]\]. The roasting of green coffee beans induces many chemical changes such as the formation of volatile compounds \[[@pone.0138080.ref010]\] and Maillard reaction products. These products are responsible for the intense aroma of roasted coffee \[[@pone.0138080.ref002],[@pone.0138080.ref011]\], but the coffee roasting has no effect on the oxidation level of the lipid fraction \[[@pone.0138080.ref012],[@pone.0138080.ref013]\].

Nowadays, there is a great interest in using the RCO as ingredient in a wide range of food formulations because it presents peculiar flavoring and nutraceutical characteristics being able to enhance the health-protecting capacity of these products \[[@pone.0138080.ref001],[@pone.0138080.ref002]\]. Therefore, it could be used for increasing the aromatic potential of instant coffee and coffee beverages, as well as a flavoring ingredient for ice creams, candies, ready-to-drink beverages, cakes and puddings \[[@pone.0138080.ref001],[@pone.0138080.ref014]\]. GCO is used as emollient in the cosmetics industry due to its special composition balanced in fatty acids as well as to its ability to block harmful sunlight \[[@pone.0138080.ref003],[@pone.0138080.ref015]\]. Also, because of its antioxidant properties, GCO is used in pharmaceuticals, in the formulation of creams and ointments designed to improve the skin condition in the anti-aging treatments and in various skin diseases \[[@pone.0138080.ref004],[@pone.0138080.ref016],[@pone.0138080.ref017]\].

Data reported by Wagemaker *et al*. \[[@pone.0138080.ref004]\] revealed that GCO showed low antioxidant activity and it did not exhibit antimicrobial activity against some bacteria and *Candida albicans*. A lot of work has been done in attempting to control pathogenic microorganisms responsible for food-borne diseases, occurring by the consumption of contaminated foods \[[@pone.0138080.ref018],[@pone.0138080.ref019]\]. It is widely known that *Escherichia coli* and *Enterococcus faecalis* are among the common pathogens responsible for food-borne illnesses \[[@pone.0138080.ref020]\], but there are no literature data regarding the activity of coffee oil against these bacteria.

In the light of the increasing interest in the antioxidant and antimicrobial properties of food ingredients, coffee oil could be used to enhance the preservation of a food formulation. An interesting application of coffee oil could be its use in pastry products that need thermal processing up to 60 minutes at high temperatures in the range 180--200°C. Nowadays, there are no available data regarding the alterations induced in coffee oil quality in response to thermal stress. Lipid oxidation is the major degradative process, based on a free radical chain mechanism, occurring during heat treatment of food containing lipid molecules with polyunsaturation. The lipid oxidation products lead to the loss of nutritional value and safety of food, resulting in undesirable nutritional effects on consumers \[[@pone.0138080.ref021]\]. It is well known that in the early stage of the thermally lipid oxidation process, free radicals including alkyl (R∙), alkoxyl (RO∙), and peroxyl radicals (ROO∙) are formed \[[@pone.0138080.ref022],[@pone.0138080.ref023]\]. Recent studies confirm that 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radicals can be used for the determination of the degree of oxidation and antioxidant effectiveness of free radical scavengers in oils \[[@pone.0138080.ref024]\]. Thus, the DPPH modified method could be used as an indication of oxidative stability and antioxidant capacity of these products.

The studies carried out in the last decades have proven the feasibility of FTIR spectroscopy to characterize edible oils, but also to assess the thermo-oxidative changes induced in edible oils undergoing thermal stress by using vibrations of various chemical groups at specific wavelengths in the mid-infrared region of the spectrum \[[@pone.0138080.ref025],[@pone.0138080.ref026],[@pone.0138080.ref027]\]. Moreover, other authors suggested the use of some ratios of the absorbance of specific bands recorded in the FTIR spectra to reveal the change induced in edible oils by thermal stress \[[@pone.0138080.ref028],[@pone.0138080.ref029]\]. Considering all the information mentioned above, our purpose in this paper is to address two important practical questions: (1) What are the differences among GCO and RCO evaluated by Attenuated Total Reflectance--Fourier Transform Infrared (ATR-FTIR) spectroscopy as well as the differences in their DPPH radical scavenging activity and antimicrobial properties? (2) How does the high-temperature heating influence the crude coffee in terms of oxidative stability, antioxidant and antimicrobial properties? To this end, GCO and RCO were extracted from green and roasted Arabica coffee beans in a Soxhlet extractor apparatus, and then both crude coffee oils were continuously heated to 200°C over 1 h. Further, crude and heated coffee oils were investigated by ATR-FTIR spectroscopy and in terms of analytical constants, antioxidant activity by DPPH assay and antimicrobial properties. The results of this study are important because they provide subsidiary information about the properties of GCO and RCO, as well as their behavior during high-temperature heat treatment, with reference to their potential to be further used as ingredients in food industry.

Materials and Methods {#sec002}
=====================

Samples {#sec003}
-------

For obtaining the crude coffee oil in order to be further used in analytical purposes for detailed analysis, direct solvent extraction was necessary \[[@pone.0138080.ref008]\]. In this study were used green and roasted Arabica Typica coffee beans originated from Guaxupe (Brazil), purchased from a Romanian coffee distributor (SC Global Trade SRL, 24 Constructorului Street, Cornetu---Ilfov County, geographical coordonates: 44°21′01″N; 25°57′05″E), lot number 922/1456. Prior extraction, coffee beans were ground using a grinder (Grindomix Retsch GM 2000) and passed through a 60 mesh sieve. Crude oil from ground green and roasted coffee was extracted in a Soxhlet extractor apparatus by repeated washing (15 percolations) with petroleum ether (1:3, w/v) for 3 h.

Heat treatment of coffee oil samples {#sec004}
------------------------------------

20±0.5 g of crude coffee oil samples were weighed in Pyrex Petri dishes (10 cm inner diameter) and placed without their lids in a forced air oven (Froilabo AC60/France, 1000 W) and continuously exposed to heat, over 1 h at 200±1°C. The temperature of oil samples subjected to heating was monitored by a calibrated chromel-alumel thermocouple (HI 935009, Hanna Instruments). After thermal treatment, the heated green and roasted coffee oils (HGCO and HRCO) were taken out of the oven, covered, allowed to cool at room temperature, poured into glass bottles and then, stored in dark, in refrigeration conditions at 4--6°C until analysis. Heating treatment was carried out in duplicate. The coffee oil samples were kept at room temperature (25°C) for 24 h prior to FTIR measurements.

Evaluation of analytical constants of coffee oil {#sec005}
------------------------------------------------

Crude and heat-treated coffee oils were investigated in terms of free fatty acids value, unsaponifiable matter, peroxide value, iodine value and saponification value according to standard methods for oils analysis \[[@pone.0138080.ref030]\].

ATR-FTIR spectra acquisition {#sec006}
----------------------------

IR spectra were measured at room temperature in the range 400--4000 cm^−1^ on Thermo Nicolet Nexus 470 FTIR Spectrometer from Thermo Nicolet Corp., Madison, WI, USA equipped with attenuated total reflectance (ATR) accessory. In order to obtain a good signal-to-noise ratio DTGS detector and XT-KBr beamspliter was used. FTIR spectra were subtracted against the background of air spectrum. Background scan and coffee oil samples were sequentially measured with a spectral resolution of 4 cm^−1^ (0.482 cm^−1^ data spacing). A background of new reference air spectrum was taken after every scan of coffee oil sample. An aliquot of 1 ml of the oil sample in a thin film was used for FTIR spectra recording. These spectra were registered at room temperature, as absorbance values at each data point in triplicate. The baseline correction was applied to all spectra using fixed points method.

DPPH Radical-scavenging Assay {#sec007}
-----------------------------

Radical scavenging activity of coffee oils was evaluated by the reduction of DPPH in toluene according to the method described by Ramadan *et al*. \[[@pone.0138080.ref031]\]. For this purpose, 1 ml solution of each coffee oil in toluene (at final concentrations of 5, 10, 15, 20 and 25 mg/ml) was mixed with 4 ml freshly prepared toluene solution of DPPH 0.004% (w/v), and the obtained mixture was vortexed for 10 s and then incubated for 30 minutes at ambient temperature (20°C). Also, 1 ml toluene solutions of BHT (as standard), at concentrations of 50, 100, 200, 300 and 400 μg/ml, were mixed with 4 ml toluene solution of DPPH and prepared as previously, in the case of coffee oil samples. The decrease in the absorption at 517 nm was measured in 1-cm glass cells against a blank of pure toluene without DPPH using a UV--VIS spectrophotometer (SPECORD 205, Analytic Jena). The capability to scavenge the DPPH radicals was calculated as a percentage of DPPH discoloration, on the basis of Eq ([1](#pone.0138080.e001){ref-type="disp-formula"}): $$\text{DPPH\ inhibition}\ (\%) = \frac{\text{A}_{\text{C}}\ \text{-}\ \text{A}_{\text{S}}}{\text{A}_{\text{C}}} \times 100$$

Where A~C~ represents the absorbance of the DPPH solution (control) and A~S~ is the absorbance in the presence of sample (toluene solution of coffee oils and BHT, respectively). The IC50 value, defined as the sample concentration that inhibits the formation of DPPH radicals by 50%, was determined from the regression equation obtained by plotting DPPH inhibition percentage against sample concentration.

Antimicrobial assay {#sec008}
-------------------

The test was performed to evaluate *in vitro* antimicrobial activity of crude and heated coffee oil samples against some common food-related bacteria using the Kirby-Bauer method as recommended by the National Committee for Clinical Laboratory Standard \[[@pone.0138080.ref032]\].

Bacterial culture {#sec009}
-----------------

Gram-positive bacteria: *Enterococcus faecalis* (ATCC 29212) and *Staphylococcus aureus* (ATCC 25923) and Gram-negative bacteria: *Salmonella* (ATTC 14028), *Shigella flexneri* (ATCC 12022) and *Escherichia coli* (ATCC 25922) were used as reference microbial strains for the antimicrobial assays. These tested bacteria were inoculated on broth media for 24 h at 37°C.

Disc Diffusion Test {#sec010}
-------------------

The antimicrobial activity was evaluated by the disc diffusion method according to CLSI \[[@pone.0138080.ref032]\]. Briefly, the Mueller-Hinton agar media (3 mm layer) was introduced into Petri dishes (8 cm inner diameter) and incubated in a thermostat (30 minutes at 37°C) in order to dry the media surface. Afterwards, the Mueller-Hinton agar media was inoculated with a suspension of the tested microorganisms (10^6^ cells/ml), previously grown on broth media. The paper discs, 6 mm in diameter (Whatman no. 1), were equidistantly disposed on the surface of the Mueller-Hinton agar media. Further, 10 μl of oil samples were added on the test discs using a micropipette. Ampicillin (10 μg/disc, HiMedia Laboratories Pvt. Limited, Mumbai, India) used as control against *E*. *faecalis*, *Salmonella*, *S*. *flexneri*, *S*. *aureus* and Cefotaxime (30 μg/disc, Oxoid Laboratories, UK) as control against *E*. *coli*, were applied on the Mueller-Hinton media. The microbial plates were sealed with sterile Parafilm and then incubated at 37°C for 6 h and 18 h, respectively. All diffusion tests were carried out in three repetitions. The antimicrobial activity was expressed as the mean of inhibition zone diameter (D, mm) measured after incubation to an accuracy of 1 mm.

Stasistical Analysis {#sec011}
--------------------

All determinations were performed in triplicates and the results were reported as means ± standard deviation (SD). Statistical data processing was carried out by one-way analysis of variance (ANOVA) to establish statistical significance in the differences observed. Computations Tukey post-hoc means comparisons was included to appreciate the significance of the recorded differences. The statistical analysis was done using the Statistical Analysis System, SAS (Software Version 8.1; SAS Institute, Inc., Cary, NC) \[[@pone.0138080.ref033]\]. The differences were considered statistically significant at a probability value p\<0.05.

Results and Discussion {#sec012}
======================

Assessing the analytical data of coffee oil {#sec013}
-------------------------------------------

The analytical data of coffee oil samples after extraction from green and roasted coffee beans and in response to heating for 1 h at 200°C is shown in [Table 1](#pone.0138080.t001){ref-type="table"}. The statistical significance of the differences observed among coffee oil samples were appreciated after data processing by one-way ANOVA test.

10.1371/journal.pone.0138080.t001

###### Analytical constants of coffee oil.

![](pone.0138080.t001){#pone.0138080.t001g}

  Analitical constants                  GCO             HGCO             RCO              HRCO
  ------------------------------------- --------------- ---------------- ---------------- ----------------
  Unsaponifiables (%)                   8.09±0.39 ^a^   6.97±0.35 ^b^    6.34±0.29^b^     5.53±0.25^c^
  Free fatty acids (%, as oleic acid)   1.91±0.085^a^   3.32±0.15^c^     2.64±0.11^b^     4.08±0.18^d^
  Iodine value (g I~2~/100 g)           88.91±2.47^a^   80.75±1.73^b^    86.24±1.88^a^    79.04±1.52^b^
  Perodixe value (meq O~2~/kg)          3.20±0.15^a^    8.17±0.37 ^c^    5.14±0.22^b^     14.81±0.65^d^
  Saponification value (mg KOH/g)       185.86±3.1^a^   193.21±4.08^b^   179.29±3.63^a^   184.32±3.99^a^

Values within the same row sharing different superscripts (a-d) are significantly different from each other (one-way ANOVA, p\<0.05).

To our knowledge, the study of thermo-oxidation effects induced in response to heating at high temperature on analytical characteristics of green and roasted coffee oil has not yet been done. Our results revealed the relatively large content of unsaponifiable fraction found in both heated and untreated coffee oil samples. Statistically significant differences (p\<0.05) in unsaponifiable matter were registered between GCO and thermal treated oils. These values are consistent to those obtained by Wagemaker *et al*. \[[@pone.0138080.ref003]\] and Ravindranath *et al*. \[[@pone.0138080.ref034]\] who reported significant amounts of unsaponifiable matter which greatly varies in coffee beans and may reach levels of up to 13.5%. The unsaponifiable matter would be responsible for moisture binding in coffee oil \[[@pone.0138080.ref003]\]. This fact could affect the further behavior of coffee oil during high-temperature heating, promoting the hydrolysis of triglycerides.

The free fatty acids values in untreated coffee oil samples measure the extent of the triglycerides decomposition by lipase action in green and roasted coffee beans. Our results reveal a lower value of free fatty acids in GCO (1.91% as oleic acid) than in RCO (2.64% as oleic acid). The obtained results are in agreement with the results reported on this topic by Hartman *et al*. \[[@pone.0138080.ref035]\]. The free fatty acids content increased by heating, as a result of increasing deterioration, reaching the value of 3.32% for HGCO, respectively 4.08% for HRCO. Statistical analysis, have confirmed that the high-temperature heating led to a significant increase of free fatty acids content of coffee oils (p\<0.05).

The iodine value provides information about the coffee oil samples unsaturation. The recorded values were similar for both GCO and RCO and situated in the range 85--99 g I~2~/100 g, available in the literature for coffee oil \[[@pone.0138080.ref036]\]. Statistically no significant difference was registered between crude coffee oils (p\>0.05). The slightly lower value found for RCO may be attributed to the starting of oxidation process to the double bonds belonging to unsaturated fatty acids of oil samples. Statistical test revealed that the iodine value significantly decreased (p\<0.05) after the heating of both crude coffee oil samples, as a result of the decrease in the degree of unsaturation. This decrease is an indication of the reduction occurring in unsaturated fatty acids due to thermal oxidation.

The saponification value of coffee oil offers information on the character of the fatty acids of the investigated sample. This index is considered as a measure of the average molecular weight, or chain length, of all fatty acids existing in coffee oil sample. As shown in [Table 1](#pone.0138080.t001){ref-type="table"}, GCO had higher saponification values than RCO. Statistically insignificant differences between crude coffee oils were recorded (p\>0.05). The heat treatment led to higher saponification values of both coffee oil samples. Statistical analysis showed a significant difference between GCO and HGCO (p\<0.05). Peroxide value is one of the most frequently quality parameters evaluated during oil production, storage and marketing. The peroxide value provides information about the degree of coffee oil oxidation and measures the amount of total peroxides, as primary oxidation products. The data presented in [Table 1](#pone.0138080.t001){ref-type="table"} show that none of the crude coffee oil samples were above the limit of 10 meq O~2~/kg for edible oils. The increases noticed in the peroxide value in response to heating, revealed the formation of hydroperoxides as primary oxidation compounds. The differences recorded in the peroxide values of crude and heated coffee oil samples were statistically significant (one-way ANOVA, p\<0.05), [Table 1](#pone.0138080.t001){ref-type="table"}. The highest value was recorded in HRCO (14.81 meq O~2~/kg).

Assessing the ATR-FTIR spectra of coffee oil {#sec014}
--------------------------------------------

ATR--FTIR spectroscopy was used for the structural differentiation of crude coffee oils as well as to follow the changes induced by heating at 200°C for 1h. The spectra depicted in [Fig 1](#pone.0138080.g001){ref-type="fig"} show characteristic bands whose frequencies and intensities can clearly reveal the functional groups of investigated oil samples.

![Comparative ATR-FTIR spectra of coffee oil.](pone.0138080.g001){#pone.0138080.g001}

The absorption bands of the infrared spectra were assigned to responsible functional groups on the basis of available literature data about edible oils ([Table 2](#pone.0138080.t002){ref-type="table"}).

10.1371/journal.pone.0138080.t002

###### Analytical evaluation of infrared spectra of coffee oil.

![](pone.0138080.t002){#pone.0138080.t002g}

  Wavenumbers             Responsible functional groups
  ----------------------- -------------------------------------------------------------------------------------------------------------------
  3470 cm^--1^            Overtone of the glyceride ester carbonyl absorption (C = O) \[[@pone.0138080.ref021],[@pone.0138080.ref029]\].
  3444 cm^--1^            O-H stretching vibration of hydroperoxides \[[@pone.0138080.ref021]\].
  3009 cm^--1^            C--H stretching symmetric vibration of the *cis* double bonds,
                          (HC = CH) \[[@pone.0138080.ref026],[@pone.0138080.ref029]\].
  2922 and 2853 cm^--1^   Asymmetric and symmetric stretching vibration of C--H bonds of
                          aliphatic CH~2~ group of the fatty acid backbone \[[@pone.0138080.ref037]\].
  shoulders at 2956       Symmetric and asymmetric stretching vibration of C--H bonds of
  and 2871 cm^--1^        aliphatic CH~3~ group \[[@pone.0138080.ref026],[@pone.0138080.ref037]\].
  1744 cm^--1^            Stretching vibration of ester carbonyl functional groups of
                          triglycerides (O-C = O) \[[@pone.0138080.ref026]\].
  weak shoulder at        Stretching vibration of free fatty acid carbonyl group (C = O) \[[@pone.0138080.ref029],[@pone.0138080.ref037]\].
  1711 cm^--1^            
  1654 cm^--1^            C = C stretching vibration *cis*-olefins (*cis* RHC = CHR) \[[@pone.0138080.ref025],[@pone.0138080.ref026]\].
  1463 and 1458 cm^--1^   Bending vibration of C--H of CH~2~ and CH~3~ aliphatic group \[[@pone.0138080.ref029]\].
  1418 cm^--1^            Rocking vibration of C--H bonds of *cis-*disubstituted olefins \[[@pone.0138080.ref026],[@pone.0138080.ref029]\].
  1397 cm^--1^            Bending in plane vibrations of C-H bonds of *cis*-olefinic group
                          \[[@pone.0138080.ref025],[@pone.0138080.ref026],[@pone.0138080.ref029]\].
  1378 cm^--1^            Bending symmetric vibration of C--H bonds of CH~2~ group \[[@pone.0138080.ref026]\].
  1237 and 1160 cm^--1^   Stretching and rocking vibration of C--O ester group, CH~2~ \[[@pone.0138080.ref029]\].
  1118 and 1099 cm^--1^   Stretching vibration of C--O ester group \[[@pone.0138080.ref037]\].
  966 cm^−1^              Out-of-plane bending vibration of *trans*--HC = CH− group of
                          disubstituted olefins \[[@pone.0138080.ref037]\].
  914 cm^--1^             Out-of-plane bending vibration of *cis--*HC = CH--group \[[@pone.0138080.ref037]\].
  722 cm^--1^             Overlapping of aliphatic CH~2~ rocking vibration and the out of plane
                          vibration of *cis*-disubstituted olefins \[[@pone.0138080.ref026], [@pone.0138080.ref029]\].

The visual examination of ATR-FTIR spectra of both crude and heated coffee oil samples revealed that there are no recorded appreciable differences in their spectral features, apart from changes in the intensity of some absorption bands. Also, it can be noted that there were no registered shifts in the exact position of the recorded bands. At a closer look to the recorded spectra, the most relevant changes were noticed in the following regions, as follows: the OH stretching region of hydroxylic groups between 3100 and 3600 cm^--1^ ([Fig 1](#pone.0138080.g001){ref-type="fig"}), the region of hydrogen's stretching vibrations between 2800 and 3050 cm^--1^ ([Fig 2](#pone.0138080.g002){ref-type="fig"}) and the region of carbonyl stretching vibrations between 1680 and 1780 cm^-1^ ([Fig 3](#pone.0138080.g003){ref-type="fig"}). The spectral changes detected in response to heating in these regions provided information about the differences in the oxidative state of the lipid fraction of coffee oil samples.

![The region of hydrogen's stretching vibrations of coffee oil infrared spectra.](pone.0138080.g002){#pone.0138080.g002}

![The region of carbonyl stretching vibrations of coffee oil infrared spectra.](pone.0138080.g003){#pone.0138080.g003}

By comparing the spectra of crude and heated coffee oils in the region between 3600 and 3100 cm^--1^ ([Fig 1](#pone.0138080.g001){ref-type="fig"}), there is a very small band around 3470 cm^--1^, in crude oils, associated with the overtone of the glyceride ester carbonyl absorption \[[@pone.0138080.ref021]\]. In the coffee oil samples that underwent thermo-oxidative processes, this band becomes more intense and broader than in crude oils, with a maximum around 3444 cm^--1^ due to the presence of hydroperoxides. The band of hydroperoxides was too small to be detected in crude coffee oils because the hydroperoxides amount was still low in these samples. The concentration of the hydroperoxides increased as the oxidation progressed in response to high-temperature heating and its absorption band also increased. In agreement with the study performed by Guillen and Cabo \[[@pone.0138080.ref021]\] on heated oil samples, the hydroperoxides led to the formation of a broad band that overlaps with the band assigned to the overtone of the glyceride ester groups. The region depicted in [Fig 2](#pone.0138080.g002){ref-type="fig"} is dominated by a series of aliphatic vibrations around 3000 cm^--1^, due to the large amount of CH~2~, and CH~3~ groups present in the fatty acids of oil samples. The stretching vibration of CH bonds lead to high absorptions registered at 2922 and 2853 cm^--1^ with two shoulders at 2956 and 2871 cm^--1^ \[[@pone.0138080.ref026],[@pone.0138080.ref037]\]. Also, unsaturated fatty acids present in coffee oil gave a small peak at 3009 cm^--1^ ([Fig 2](#pone.0138080.g002){ref-type="fig"}), characteristic to the C--H stretching vibration of *cis* double bonds \[[@pone.0138080.ref026],[@pone.0138080.ref029]\]. In the region shown in [Fig 3](#pone.0138080.g003){ref-type="fig"} it can be seen the intense carbonyl peak at 1744 cm^--1^, due to the ester bonds between glycerol and fatty acids \[[@pone.0138080.ref037]\]. The careful examination of GCO and RCO infrared spectra revealed that irrespective of the oil type, there were no important modifications recorded in the intensity of the band registered at 3009 cm^--1^. Concerning the impact of heat treatment on coffee oil samples, it can be observed that the changes in dominant spectral features are associated with the coffee oil type, green respectively roasted. Under oxidative conditions, the band at 3009 cm^−1^ assigned to *cis* double bonds in the aliphatic chain begins to slightly decrease for both green and roasted coffee oil samples. Thus, it can be assumed that, during the heating of oil samples, the *cis* double bonds are consumed due to the isomerisation to *trans* groups and/or to their breakdown to produce secondary oxidation products. The differences in the spectra of heated oils show that, as oxidation proceeds, hydroperoxides are formed along with secondary oxidation products \[[@pone.0138080.ref038]\].

The vibration of the ester carbonyl group C = O of the triglycerides includes the spectral region between 1720 and 1750 cm^−1^. The carbonyl band consists of two components: a sharp peak appeared at 1744 cm^−1^ and another broad around 1728 cm^−1^ \[[@pone.0138080.ref039]\]. In terms of the changes occurring in the C = O region, [Fig 3](#pone.0138080.g003){ref-type="fig"} reveals an increase in the intensity of the band recorded at 1744 cm^--1^ and also a slight widening of this band for RCO.

The spectral features of RCO were not significantly different from those of GCO, indicating that the oxidative stability of lipid fraction was not substantially affected by coffee beans roasting. This finding is supported also by the peroxide values of GCO and RCO, [Table 1](#pone.0138080.t001){ref-type="table"}. As it was previously reported by Anese *et al*. \[[@pone.0138080.ref012]\] and Vila *et al*. \[[@pone.0138080.ref013]\], the roasting of coffee beans has no influence on the oxidation level of the lipid fraction, but the main changes, associated to the hydrolysis of triacylglicerols and to the oxidation of free fatty acids, occur during storage of roasted coffee beans \[[@pone.0138080.ref040]\]. The stability of lipid fraction of RCO could be explained by the presence of lipid-soluble colored Maillard reaction products formed during roasting, with antioxidant properties \[[@pone.0138080.ref041],[@pone.0138080.ref042],[@pone.0138080.ref043]\]. It is interesting to notice a more pronounced widening of the band recorded at 1744 cm^--1^ for HGCO and HRCO as a result of thermo-oxidation. Also, an obvious increase in the intensity of the band at 1744 cm^−1^ for HGCO is illustrated in [Fig 3](#pone.0138080.g003){ref-type="fig"}. These changes are associated with the degradation of hydroperoxides and the formation of saturated aldehydes, or other secondary oxidation products such as alcohol, ketones, acids and esters \[[@pone.0138080.ref021],[@pone.0138080.ref026],[@pone.0138080.ref029]\]. Aldehyde compounds exhibit bands in the region 1680--1730 cm^--1^ due to the high absorptivity of their carbonyl groups, which overlap with the strong band of the ester carbonyl functional group of the triglycerides recorded at 1744 cm^--1^. This fact induces a broadening of the band at 1744 cm^−1^ to lower frequencies, as new carbonyl groups are formed \[[@pone.0138080.ref026],[@pone.0138080.ref029]\]. The differences induced in the C = O region in response to heating of GCO were more significant than those registered by RCO heating. This finding might be due to the protective effects of Maillard products from RCO against the thermo-oxidation \[[@pone.0138080.ref043]\]. Oxidation and other thermal alterations such as *cis*-*trans* isomerisation, cyclization and polymerization may take place in the oil samples during heating due to the presence of air and exposure to high temperature \[[@pone.0138080.ref044]\]. Additionally, the thermal oxidative cleavage of triglycerides, as a result of thermal stress exposure, leads to the formation of free fatty acids in the oil \[[@pone.0138080.ref045]\]. The releasing of the free fatty acids during heat exposure is proved by the increasing in the intensity of the band at 1711 cm^--1^ assigned to the stretching vibration of free fatty acid carbonyl group.

The relation between the absorbance ratios and the degree of unsaturation of oils was investigated by several authors. Their results proved a close relationship between the degree of unsaturation of vegetable oils expressed as iodine value and the ratios A 3009 cm^−1^/A 2922 cm^−1^ (RI), A 3009 cm^−1^/A 2853 cm^−1^ (RII) and A 3009 cm^−1^/A 1744 cm^−1^ (RIII) \[[@pone.0138080.ref028],[@pone.0138080.ref029]\]. These ratios were considered as a reliable measure of the changes in the degree of the oil samples unsaturation in response to heat treatment. Additionally, the absorbance ratio A 1744 cm^−1^/A 2922 cm^−1^ (RIV) was analyzed according to Moharam and Abbas \[[@pone.0138080.ref029]\] for assessing the thermo-oxidative alterations. [Table 3](#pone.0138080.t003){ref-type="table"} shows the changes induced in the absorbance ratios by heat exposure of coffee oil samples. The statistical significance of the differences recorded for ratios RI-IV among coffee oil samples was established on the basis of one-way ANOVA test.

10.1371/journal.pone.0138080.t003

###### The absorbance ratios RI-IV of coffee oil.

![](pone.0138080.t003){#pone.0138080.t003g}

  Ratio      GCO               HGCO              RCO               HRCO
  ---------- ----------------- ----------------- ----------------- -----------------
  **RI**     0.1076±0.005^a^   0.1051±0.003^a^   0.1102±0.004^a^   0.1169±0.004^b^
  **RII**    0.1654±0.007^a^   0.1495±0.005^b^   0.1654±0.006^a^   0.1574±0.005^a^
  **RIII**   0.1333±0.008^a^   0.1051±0.005^c^   0.1235±0.007^a^   0.1152±0.006^b^
  **RIV**    0.8072±0.031^a^   1.0000±0.036^b^   0.8924±0.037^a^   1.0147±0.051^b^

Values within the same row sharing different superscripts (a-c) are significantly different from each other (one-way ANOVA, p\<0.05).

The first thing we could notice about these data is that, there were no recorded statistically significant differences (one-way ANOVA, p\>0.05) between the ratios RI-RIV of GCO and RCO. This finding support the results according to which the roasting did not induce oxidative alterations in the lipid fraction of coffee beans \[[@pone.0138080.ref012],[@pone.0138080.ref013]\]. Another finding that emerges from these data analysis is that the high-temperature exposure of coffee oils induced some changes in the absorbance ratios RI-IV, but the differences were not statistically significant in all cases, [Table 3](#pone.0138080.t003){ref-type="table"}. The ratios RI-RIII of GCO and RCO revealed decreases induced by high-temperature heating. The only exception has been observed for ratio RI of HRCO that recorded a statistically significant increase (p\<0.05) when RCO was exposed to the heat treatment. This fact is a strong evidence for increasing in the degree of unsaturation that could be explained by the formation of primary oxidation products that contain both double bonds in *cis* form as well as conjugated double bonds \[[@pone.0138080.ref029],[@pone.0138080.ref046]\].

It must be mentioned that, the decreases in the values of ratio RIII resulted by both crude coffee oils heating, as well as the changes induced in the RII value by high-temperature exposure of GCO were statistically significant different (p\<0.05). The decrease in the absorbance ratios after heat exposure was related to the decrease in the degree of unsaturation, attributed to the reduction in the unsaturated fatty acids content (18:2 and 18:3) \[[@pone.0138080.ref038],[@pone.0138080.ref046]\]. The decrease in the degree of unsaturation, may be due to the fact that, the rate of formation of primary oxidation products was lower than the rate of their degradation. The degradation of primary oxidation products to secondary oxidation products during heat exposure led to the decreasing of the degree of unsaturation as a consequence of the reduction in the *cis* double bonds. Our results are in agreement with those previously reported by Moreno *et al*. \[[@pone.0138080.ref047]\].

In addition to the mentioned decomposition of primary oxidation products, the decrease of these ratios could also be due to the scavenging of primary oxidation products like free radicals that contains *cis* double bonds by antioxidant compounds such as tocopherols found in coffee oil \[[@pone.0138080.ref029]\].

Regarding the RIV values, it can be seen an increase of these ratio in response to heat exposure of crude oils. The differences recorded in the RIV values of crude and heated oil samples were statistically significant (p\<0.05) revealing the new carbonyl groups due to the formation of secondary oxidation products such as aldehydes, alcohol, ketones, acids and esters. The information provided by RIV supports the results obtained by analyzing of the ratios RI-III highlighting the oxidative changes attributed to the primary and secondary oxidation processes of the lipid fraction of coffee oil samples undergoing thermal stress.

These results attest to the value of FTIR spectroscopy, as a simple and efficient means, to characterize the crude coffee oils and also to follow the complex oxidative changes induced by high-temperature heating.

Assessing the antioxidant activity of coffee oil {#sec015}
------------------------------------------------

In this study, DPPH radical-scavenging assay was used for assessing the antioxidant activity of GCO and RCO and, in the same time, to investigate the oxidative stability of these oils in response to the high-temperature heat treatment. Thus, by this method the efficiency and the stability of natural antioxidants in crude and heated coffee oils were investigated. The results regarding the radical-scavenging activity, quantified by percentage of DPPH inhibition, related to the concentration of crude and heated coffee oil (using toluene as solvent) are depicted in Figs [4](#pone.0138080.g004){ref-type="fig"} and [5](#pone.0138080.g005){ref-type="fig"}. In [Fig 6](#pone.0138080.g006){ref-type="fig"} the antioxidant effectiveness of various concentrations of BHT is shown.

![DPPH inhibition (%) *versus* concentration of GCO and HGCO.](pone.0138080.g004){#pone.0138080.g004}

![DPPH inhibition (%) *versus* concentration of RCO and HRCO.](pone.0138080.g005){#pone.0138080.g005}

![DPPH inhibition (%) *versus* concentration of BHT.](pone.0138080.g006){#pone.0138080.g006}

The IC50 values that express the concentration of sample required to scavenge 50% of DPPH radicals are shown in [Table 4](#pone.0138080.t004){ref-type="table"}. Also, is pointed out the statistical significance of the differences recorded in the DPPH free radical scavenging ability of the investigated samples.

10.1371/journal.pone.0138080.t004

###### The IC50 values of BHT and coffee oils.

![](pone.0138080.t004){#pone.0138080.t004g}

  Sample   IC50
  -------- -----------------------
  BHT      219.67±10.43^a^ μg/ml
  GCO      10.25±0.30^b^ mg/ml
  HGCO     15.38±0.72^d^ mg/ml
  RCO      11.99±0.51^c^ mg/ml
  HRCO     12.86±0.79^c^ mg/ml

IC50 values sharing different superscripts (a-d) are significantly different from each other (one-way ANOVA, p\<0.05).

Our results revealed a high correlation (correlation coefficient R\>0.96) between the percentage of DPPH inhibition *versus* oil sample concentration. Thus, the radical scavenging ability of crude and heated coffee oils was concentration dependent. As it is shown in [Table 4](#pone.0138080.t004){ref-type="table"}, the IC50 value of GCO was lower than of RCO. The recorded differences in the IC50 values of crude coffee oils were statistically significant different (one-way ANOVA, p\<0.05). The IC50 values of both crude coffee oils were lower than those recorded for heated coffee oils, [Table 4](#pone.0138080.t004){ref-type="table"}. The high temperature heating induced statistically significant differences in the IC50 values of GCO and HGCO (p\<0.05) while there were no statistically significant changes (p\>0.05) in the IC50 values of RCO and HRCO. The value of IC50 is inversely proportional to the scavenging activity of coffee oils. Hence, in heated coffee oil more concentration of antioxidant in the sample is required to inhibit the free radicals formed. The antioxidant activity of coffee oil samples was much lower than that of the synthetic BHT used as standard [Table 4](#pone.0138080.t004){ref-type="table"}. Thus, the one-way ANOVA test revealed statistically significant differences (p\<0.05) between IC50 values of BHT and both crude and heated coffee oil samples. The radical-scavenging activity of crude coffee oil, at different oil concentrations, was found to be better in GCO compared to RCO. The antioxidant activity of GCO and RCO is related to their content of natural antioxidants like sterols, phosphatides, tocopherols and diterpenes \[[@pone.0138080.ref005],[@pone.0138080.ref008]\]. These results clearly show that the presence of antioxidant compounds in crude coffee oils decreased the absorbance of DPPH and increased the percentage of inhibition proportionally to the oil concentration. As it was reported by Speer and Kölling-Speer \[[@pone.0138080.ref008]\], the roasting diminishes the content of antioxidant compounds such as α-, β-tocopherol, and total tocopherols content. This finding could explain the lower radical-scavenging activity recorded for RCO than for GCO. As regards the diterpenes, there is no consensus in the literature data regarding the decrease of kahweol and cafestol contents during coffee beans roasting, but it has been reported that dehydrocafestol and dehydrokahweol are generated by dehydration of diterpenes under heat exposure \[[@pone.0138080.ref048]\]. Regarding the heat-treated oil samples, it supposes that in the in early stages of lipids oxidation the changes of the DPPH absorbance are due to the consumption of free radical scavengers while, during more advanced lipids oxidation, the formation of oxidized lipid compounds, able to react with DPPH radicals, is responsible for the changes recorded in DPPH absorbance \[[@pone.0138080.ref022], [@pone.0138080.ref023]\].

The free radicals generated in the heating time firstly reacted with antioxidant compounds from coffee oil samples and the remaining antioxidants reacted with DPPH. When the oil samples are depleted in antioxidant compounds, the free radicals formed through lipids oxidation reacted with DPPH and induced an increase in the percentage of the DPPH inhibition. Thus, the changes in the absorbance of DPPH could be used to determine the degree of lipid oxidation and antioxidant activity in lipid systems \[[@pone.0138080.ref022],[@pone.0138080.ref049]\].

In the heat treated coffee oil samples the values of the DPPH inhibition do not reflect only the antioxidant potential of the remaining free radical scavengers but also the prooxidant properties of the oxidation products. Our findings are consistent with those reported by Yeo *et al*. \[[@pone.0138080.ref023]\] related to the fact that, once lipid oxidation progresses, the oxidized lipid compounds rather than the free radical scavengers play a more significant role in decreasing the absorbance of DPPH and consequently, in increasing of the DPPH radicals inhibition. The DPPH inhibition in HGCO revealed significant decreases as against GCO, but after 1 h of heat exposure there were no recorded changes in the pattern of DPPH inhibition *versus* coffee oil concentration, [Fig 4](#pone.0138080.g004){ref-type="fig"}. According to Lee *et al*. \[[@pone.0138080.ref049]\], vegetable oils containing many free radicals scavenging compounds require a relatively long oxidation time for changing the patterns of the DPPH absorbance. For HRCO, the free radicals generated in response to heating reacted with DPPH and led to an increase in the percentage of the DPPH inhibition. Thus, there were no important changes in the profiles of the DPPH inhibition *versus* RCO and HRCO concentrations ([Fig 5](#pone.0138080.g005){ref-type="fig"}). The results of our study reveal that the antioxidant activity of green and roasted coffee oil was different in response to the high-temperature heating, contributed by different antioxidant compounds with potential to scavenge the free radicals as well as by lipids oxidation products such as alkoxyl (RO∙), peroxyl (ROO∙), and alkyl radicals (R∙) generated in response to thermal stress.

As it was mentioned by Lee *et al*. \[[@pone.0138080.ref049]\], the DPPH method is not a measure of the amount of oxidation products but is closely related to the concentration of hydrogen donating antioxidants or generated lipid radicals by thermo-oxidative processes. Therefore, the changes recorded in the percentage of DPPH inhibition in response to free radicals formation in oxidized oils could be an indicator to predict the stability of oils undergoing thermal stress. These findings provide important information about the stability of antioxidant compounds of coffee oils investigated through DPPH method.

Assessing the antimicrobial activity of coffee oil {#sec016}
--------------------------------------------------

The antimicrobial activity of investigated coffee oil samples and standard antibiotics used as control are shown in [Table 5](#pone.0138080.t005){ref-type="table"}. The statistical significance of the differences in the antimicrobial activity exhibited by coffee oil samples and the standard antibiotics against the tested bacteria was appreciated on the basis of one-way ANOVA test.

10.1371/journal.pone.0138080.t005

###### Antimicrobial activity of coffee oil and standard antibiotics.

![](pone.0138080.t005){#pone.0138080.t005g}

                    Microorganisms                                                                                   
  ----------------- -------------------------------------------- ----------------- ---------------- ---------------- ----------------
  **Oil/Control**   **Diameter after 6 h of incubation (mm)**                                                        
  Cefotaxime        17±0.62^a^ (I)                               --                --               --               --
  Ampicillin        --                                           17±0.70^a^ (I)    --               --               25±1.05^a^ (S)
  GCO               17±0.66^a^ (I)                               16±0.60^a^ (I)    --               --               13±0.60^b^ (R)
  HGCO              16±0.56^a^ (I)                               8.5±0.36^b^ (R)   --               --               8±0.36^d^ (R)
  RCO               8.5±0.30^c^ (R)                              16±0.70^a^ (I)    --               --               10±0.46^c^ (R)
  HRCO              10±0.46^b^ (R)                               10±0.40^b^ (R)    --               --               8±0.40^d^ (R)
  **Oil/Control**   **Diameter after 18 h of incubation (mm)**                                                       
  Cefotaxime        0 (R)                                        --                --               --               --
  Ampicillin        --                                           0 (R)             25±1.01^a^ (S)   24±0.90^a^ (S)   25±1.05^a^ (S)
  GCO               0 (R)                                        0 (R)             12±0.50^b^ (R)   8±0.30^b^ (R)    10±0.46^b^ (R)
  HGCO              0 (R)                                        0 (R)             10±0.40^c^ (R)   0^c^ (R)         8±0.36^c^ (R)
  RCO               0 (R)                                        0 (R)             0^d^ (R)         0^c^ (R)         8±0.30^c^ (R)
  HRCO              0 (R)                                        0 (R)             0^d^ (R)         0^c^ (R)         8±0.40^c^ (R)

S: sensitive--exhibited antimicrobial activity (D\>16 mm to Ampicillin); I: intermediate antimicrobial activity (D = 14--16 mm to Ampicillin; D = 15--22 mm to Cefotaxime); R: resistant---absent antimicrobial activity (D≤14 mm to Cefotaxime; D≤13 mm to Ampicillin); (--): bacterial culture shows no growth.

Values within the same column sharing different superscripts (a-d) are significantly different from each other (one-way ANOVA, p\<0.05).

The effectiveness of coffee oil against Gram-positive bacteria (*E*. *faecalis*, *S*. *aureus)* and Gram- negative bacteria (*Salmonella*, *S*. *flexneri*, *E*. *coli)* was determined by the measuring of the inhibition zone diameter (D) and classified as sensitive, intermediate, resistant and the bacterial culture shows no growth, according to the clinical and the laboratory standards used \[[@pone.0138080.ref033]\]. After 6 h of incubation the measurable inhibition zone of *E*. *faecalis*, *S*. *aureus* and *E*. *coli* exhibited a low diameter against all the coffee oil samples compared to the control. There was no growth of *Salmonella* and *S*. *flexneri* strains recorded in the first 6 h of incubation. GCO and HGCO exhibited a similar antibacterial activity to the control against *E*. *coli* (D = 17 mm for GCO, respectively D = 16 mm for HGCO). Thus, there were not registered statistically significant differences between the control, GCO and HGCO (one-way ANOVA, p\>0.05), [Table 5](#pone.0138080.t005){ref-type="table"}. After 6 h of incubation GCO displayed the strongest antimicrobial activity against E. coli, followed by HGCO\>RCO\>HRCO. The results of one-way ANOVA analysis revealed that there were found statistically significant differences (p\<0.05) between antimicrobial activity of GCO, RCO and HRCO. At the same time GCO and RCO showed a close antibacterial activity with the control against *E*. *faecalis* (D = 16 mm for both coffee oil samples). Also, GCO demonstrated the most powerful antimicrobial activity against *E*. *faecalis* followed by RCO\>HGCO\>HRCO. A statistically significant decrease (p\<0.05) of antimicrobial activity of coffee oils was noticed after their heating. *S*. *aureus* was resistant against all investigated coffee oils after 6 h of incubation, as can be seen on the basis of the inhibition zone diameters, [Table 5](#pone.0138080.t005){ref-type="table"}. The antimicrobial activity of all investigated coffee oils was statistically significant different to the control (p\<0.05). After 18 h of incubation it was observed that the most tested bacterial species did not reveal visible and measurable inhibition zones in response to any coffee oil addition, except *Salmonella* (D = 10 mm for HGCO and D = 12 mm for GCO), *S*. *flexneri* (D = 8 mm for GCO) and *S*. *aureus* (D = 10 mm for GCO, RCO and HGCO, respectively D = 8 mm for HRCO). These species showed low inhibition zones in which appeared resistant colonies (D≤13 mm). These results suggest that both Gram-positive and Gram-negative bacteria species are not sensitive to the chemical compounds of coffee oils. After 18 h of incubation, the statistical analysis results highlighted that the investigated coffee oils revealed statistically insignificant antimicrobial activity (p\>0.05) against all microbial strains tested compared to the control.

With respect to the tested bacterial species, it was found that the inhibition zone diameter decreased in the order *E*. *coli* \> *E*. *faecalis* \> *S*. *aureus* for the same coffee oil sample after 6 h of incubation and in the order *Salmonella* \> *S*. *flexneri* \> *S*. *aureus* after 18 h.

Our results demonstrate that GCO was found to be the most effective among investigated coffee oils against Gram-positive and Gram-negative tested bacteria. Nevertheless, GCO showed lower antimicrobial activity than the controls.

The results of antimicrobial assay demonstrate that coffee oils exhibited inhibitory activity against *E*. *coli* and *E*. *faecalis* only in the first 6 h of incubation. The variation recorded in the effectiveness of crude and heated oils against the tested bacteria is due to the thermal treatment.

The antimicrobial activity exhibited by coffee oil samples after 6 h of incubation could be associated with some compounds found in unsaponifiables matter of coffee oil, like diterpenes and tocopherols.

As it was reported by Anese *et al*. \[[@pone.0138080.ref012]\], the lipid fraction of coffee oil is relatively stable in response to the heat treatment. Thus, although diterpenes and tocopherols are sensitive to heat treatment, they may still be found in the lipid fraction of roasted coffee beans \[[@pone.0138080.ref008]\]. This result suggests that, even after heating in our conditions, these compounds could still be present. The diterpenes found in coffee (cafestol and kahweol) could be responsible for the antimicrobial activity of coffee oil exhibited in this study. Nowadays, there are only a few studies related to the antimicrobial effects of coffee or of its isolated compounds. The results reported by Ambrosio *et al*. \[[@pone.0138080.ref050]\] have revealed the effect of kaurane diterpenes against some oral pathogens. Recent studies on this topic conducted by Wagemaker *et al*. \[[@pone.0138080.ref004]\] have reported that GCO and some cosmetic formulations with GCO did not show antimicrobial activity against some Gram-positive and Gram-negative bacteria. As a result, considering that the unsaponifiable matter represents a significant part of GCO and RCO, further studies must be designed to elucidate the biological activities of coffee oil compounds.

Conclusion {#sec017}
==========

This study provides a solid and consistent evidence for the changes induced by high-temperature heating in the oxidative stability, antioxidant and antimicrobial properties of crude coffee oils. ATR-FTIR spectroscopy analysis highlighted that, there were no recorded significant differences (one-way ANOVA, p\>0.05) in the oxidative status of GCO and RCO. The heat exposure of coffee oils induced statistically significant spectral changes in the regions 3100--3600 cm^--1^, 2800--3050 cm^--1^ and 1680--1780 cm^--1^ proved by the absorbance ratios RI-IV. These alterations were assigned to primary and secondary oxidation processes of the lipid fraction.

The IC50 value of GCO was significantly lower than of RCO (p\<0.05). The IC50 values of crude coffee oils were lower than those of heated samples. The differences in the IC50 values of GCO and HGCO were statistically significant (p\<0.05), while those between RCO and HRCO were not showed statistically significance (p\>0.05). The antioxidant activity of coffee oils was contributed by different antioxidant compounds and lipids oxidation products generated in response to thermal stress. In the heated oils the DPPH inhibition reflects both the antioxidant potential of free radical scavengers and the prooxidant properties of oxidation products.

The inhibitory potential of crude coffee oils in the first 6 h of incubation was not statistically significant different related to the control (p\>0.05) against *E*. *coli* and *E*. *faecalis* while the differences recorded for HGCO and HRCO were significantly different related to the control (p\<0.05). The inhibitory effect of all coffee oils was statistically significant different (p\<0.05) compared to the control against *S*. *aureus*. After 18 h the antibacterial activity of control was significantly higher (p\<0.05) than of all coffee oils against the tested bacterial strains. GCO exhibited the highest antimicrobial potential against the tested Gram-positive and Gram-negative bacteria. Despite of the fact that some alterations are induced in the investigated properties by heat exposure, the coffee oil still possess an excellent potential to be used as ingredient in food industry.
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GCO

:   green coffee oil

RCO

:   roasted coffee oil

HGCO

:   heated green coffee oil

HRCO

:   heated roasted coffee oil

ATR-FTIR spectroscopy

:   Attenuated Total Reflectance--Fourier Transform Infrared spectroscopy

A

:   absorbance

RI

:   absorbance ratio A 3009 cm^−1^/A 2922 cm^−1^

RII

:   absorbance ratio A 3009 cm^−1^/A 2853 cm^−1^

RIII

:   absorbance ratio A 3009 cm^−1^/A 1744 cm^−1^

RIV

:   absorbance ratio A 1744 cm^−1^/A 2922 cm^−1^

D

:   inhibition zone diameter

DPPH

:   2,2-diphenyl-1-picrylhydrazyl

SD

:   standard deviation

p

:   probability

One-way ANOVA

:   One-way analysis of variance

R

:   correlation coefficient
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